| I N TR ODU C TI ON
Diminished glucose metabolism and mitochondrial dysfunction accompany neurodegenerative diseases, including Alzheimer disease (AD), and appear to be pathologically important (Gibson et al., 2016) . Altered posttranslational modifications of proteins may contribute to the neurodegenerative disease process (Iqbal, Liu, & Gong, 2016) . Succinylation induces a 98-kDa change in mass, comparable to that of two wellestablished lysine modifications: acetylation (41 kDA) and dimethylation. Comparable to acetylation, succinylation removes the positive charge from the distal amino group of the lysine residue (it is now an Abbreviations: AD, Alzheimer disease; BSS, balanced salt solution (140 mM NaCl, 5 mM KCl, 1.5 mM MgCl 2 , 5 mM glucose, 10 mM HEPES, 2.5 mM CaCl 2 , pH 7.4); CCCP, carbonyl cyanide-m-chlorophenyl hydrazone; CESP, carboxyethyl ester of succinyl phosphonate; 2-DG, 2-deoxyglucose; IAA, iodoacetic acid; KGDHC, a-ketoglutarate dehydrogenase complex; SIRT5, Sirtuin 5; TA9, Tyrphostin A9.
Significance
The significance of widespread posttranslational modification of proteins is unknown. The mitochondrial enzyme a-ketoglutarate dehydrogenase complex can control succinylation. The results show that multiple metabolic conditions alter the succinylation of many mitochondrial proteins, and this is not correlated to the changes in the NAD 1 amide functional group), although in contrast to acetylation, succinylation confers a negative charge at the end of the new functional group.
Ultimately, upon succinylation, the overall charge of the lysine group changes from positive (cationic) to negative (anionic). Succinylation of proteins occurs in numerous cell compartments including the cytosol, mitochondria, and nucleus (Rardin et al., 2013; Weinert et al., 2013; Xie et al., 2012) . Although the number of succinylation sites in brain mitochondria is unknown, purified liver mitochondria have about 1,200 unique succinylation sites (Rardin et al., 2013) . The degree of succinylation varies with organism and cell type. The patterns of the NAD 1 -dependent desuccinylase Sirtuin 5 (SIRT5) in brains suggest that succinylation is altered with AD (Lutz et al., 2014) . The mitochondrial a-ketoglutarate dehydrogenase complex (KGDHC) is diminished in AD (Gibson et al., 2015) and can regulate succinylation (Gibson et al., 2015) . Although the succinyl groups for succinylation are derived from metabolism (Gibson et al., 2015) , the effects of systematic variation of metabolism on succinylation are unknown. The goal of the current studies was to test whether changes in neuronal glycolysis, glutathione, tricarboxylic acid cycle, or electron transport chain alter mitochondrial succinylation. Classic inhibitors of these pathways were used; however, these are not absolutely specific. For example, iodoacetic acid (IAA) will modify any reactive SH group, as well as many enzymes including KGDHC (Ambrose-Griffin, Danson, Griffin, Hale, & Perham, 1980) , deplete glutathione (Schmidt & Dringen, 2009) , and deplete ATP and glutamate (Kim et al., 2017) .
Experiments on succinylation/desuccinylation support the suggestion that succinylation/desuccinylation is a dynamic process. The NAD 1 -requiring enzyme SIRT5 suppresses metabolism in mouse embryonic fibroblasts by desuccinylating the pyruvate dehydrogenase complex and succinic dehydrogenase (Park et al., 2013) . Respiration in mouse embryonic fibroblasts increases after deletion of SIRT5 and in liver mitochondria isolated from SIRT5 knockout mice (Park et al., 2013; Sadhukhan et al., 2016) . On the other hand, overexpression of the three mitochondrial sirtuins-SIRT3, SIRT4, and SIRT5-can promote increased mitochondrial respiration and cellular metabolism by inducing a coordinated increase of glycolysis and respiration, with the excess energy being dissipated by proton leak across the inner mitochondria membrane (Barbi de Moura, Uppala, Zhang, Van Houten, & Goetzman, 2014) . The effects of inhibition of neuronal glycolysis or electron transport chain on mitochondrial succinylation have not been studied.
To test whether changes in cellular metabolism alter succinylation, a variety of metabolic inhibitors were employed, and the consequences on mitochondrial redox state and mitochondrial succinylation were determined. In this study, because of the focus on mitochondrial succinylation, neither cytosolic nor nuclear NAD 1 /NADH ratios were analyzed. The mitochondrial redox state was estimated by following the mitochondrial NAD 1 /NADH ratio (Bilan et al., 2014) , and mitochondrial succinylation was estimated following published methods (Gibson et al., 2015) . Because most classical inhibitors of these pathways lack specificity, multiple means of manipulating the pathways were used. Glucose uptake and glycolysis were inhibited by 2-deoxyglucose (2-DG) (Wick, Drury, Nakada, & Wolfe, 1957) . Glycolysis was independently inhibited by the use of IAA, but it also depletes glutathione (Schmidt & Dringen, 2009 ). The citric acid cycle was diminished with the specific, cellpermeable inhibitor of KGDHC, carboxyethyl ester of succinyl phosphonate (CESP) (Bunik et al., 2005) . Complex I of the electron transport chain was inhibited with rotenone (Li et al., 2003; Orme-Johnson, 2007; Wallace & Starkov, 2000) . ATP synthase was inhibited with oligomycin (Devenish, Prescott, Boyle, & Nagley, 2000; Orme-Johnson, 2007; Wallace & Starkov, 2000) . Electron transport was uncoupled from oxidative phosphorylation with carbonyl cyanide-m-chlorophenyl hydrazone (CCCP) (Orme-Johnson, 2007; Rottenberg, 1983; Wallace & Starkov, 2000) or Tyrphostin A9 (TA9) (Kiss et al., 2014; Starkov et al., 1997; Terada and Van Dam, 1975) , and cells were made hypoxic by reducing oxygen from 20% to 2.4%. The availability of acetyl groups is very sensitive to hypoxia (Gibson & Duffy, 1981) , but the consequences on succinylation/desuccinylation are unknown. The results demonstrate that the level of succinylation changes with common metabolic perturbations. SypHer is a mutant form of Hyper (HyPerC199S) for measuring pH levels. RexYFP-mito and SypHer-mito contain a mitochondrial localization sequence to target the mitochondrial region (Bilan et al., 2014) .
| RexYFP-mito and SypHer-mito transfection
N2a cells were cultured on the Delta TPG dishes at a seeding density of 
| Mitochondrial co-localization
Forty-eight hours after RexYFP-mito and/or SypHer-mito transfection, N2a cells were rinsed with balanced salt solution (BSS; 140 mM NaCl, 5 mM KCl, 1.5 mM MgCl 2 ,5 mM glucose, 10 mM HEPES, 2.5 mM CaCl 2 , pH 7.4) once and replaced with BSS buffer containing MitoTracker Red (1 mM; ThermoFisher, Grand Island, NY) and incubated at 37 8C for 30 min. After MitoTracker Red incubation, cells were rinsed with BSS once, and the mitochondrial colocations were observed using confocal laser scanning microscopy with a plan-neofluor 403/1.3 objective (488-nm excitation;
505-550 emission). 
| Preparation of mitochondrial fraction
N2a cells were seeded on the 10-cm dishes at a density of 8 3 10 5 cells per dish and cultured for 2 days. After 2 days of culture, the mitochondrial fractions were isolated using published methods (Gibson et al., 2015) .
| Western blotting and immunoprecipitation
The mitochondrial fractions were suspended in chilled lysate buffer with ETN (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA). The bound peptides were eluted from beads by washing 3 times with 100 ll of 0.1 M glycine (pH 2.5). Sample (10 mg) was loaded on each lane for electrophoreses and Western blotting (Gibson et al., 2015) .
The membranes were scanned with the Odyssey Infrared Imaging System (LICOR Biosciences). The fluorescence signal is directly proportional to the amount of target protein over a large dynamic range (Gibson et al., 2015) .
| Treatment with metabolic inhibitors
N2a cells were seeded on 10-cm dishes at a density of 8 3 10 5 cells per dish and cultured for 2 days as described above. For the different metabolic manipulations, cells were incubated with the inhibitors in BSS buffer for 20 min at 37 8C in a humidified incubator with 5% CO 2 and 95% air. N2a neuroblastoma cells were treated with 2-DG ( 98% purity, 15 mM), IAA ( 98% purity, 5 mM), rotenone ( 95% purity, 5 mM), oligomycin ( 95% purity, 10 mM), CCCP ( 97% purity, 5 mM), TA9 ( 98% purity, 5 mM), and CESP (100 mM) for 5, 10, and 20 min.
All the chemicals were purchased from Sigma-Aldrich (St. Louis, MO), except CESP, which was provided by Dr. Travis T. Denton (Department of Pharmaceutical Sciences, Washington State University). 
| Induction of hypoxia
N2a cells were seeded in 10-cm dishes at a density of 8 3 10 5 cells per dish and cultured for 2 days as described above. To induce hypoxia, culture dishes were transferred to an airtight custom-built glove box (Coy Laboratory Products, Grass Lake, MI) that was hypoxic (2.4% O 2 , 5% CO 2 , 92.6% N 2 ). Cells were washed and treated with preequilibrated BSS for 1 hr at 37 8C. The normoxic cells were incubated under 5% CO 2 and 95% air.
| R E SU LTS
The usefulness of the RexYFP-mito probe to measure mitochondrial /NADH ratio (Bilan et al., 2014) .
The changes in fluorescence of both probes were followed temporally, and the ratio was used to calculate the mitochondrial NAD /NADH ratios. N2a cells were seeded on the 10-cm dishes at a density of 8 3 10 6 cells per dish and cultured for 2 days. After 2 days of culture, the cells were treated with 2-DG (15 mM), IAA (5 mM), CESP (100 mM), rotenone (5 mM), oligomycin (10 mM), CCCP (5 mM), or TA9 (5 mM) for 20 min at 37 8C. For the hypoxia experiments, cells were incubated with hypoxia (2.4% O 2 ) for 1 hr at 37 8C. The mitochondrial fractions from different treatments were isolated and immunoprecipitated with Pan anti-succinyllysine antibody overnight at 4 8C and separated by Western blot. Each band reflects succinylation of many proteins, so the results are quite variable. Data indicate the change in succinylation compared with the control group from different bands of protein expression after rejecting the outliers with Q test. *Values vary significantly (p < .05) from control by ANOVA followed by the Tukey test. Degrees of freedom (df) and F values in each group are shown in the following table. 
| D I SCUSSION
Thousands of proteins are modified posttranslationally (Choudhary, Weinert, Nishida, Verdin, & Mann, 2014) . Acetylation is the beststudied posttranslational modification. Virtually every enzyme involved in glycolysis, gluconeogenesis, the tricarboxylic acid cycle, the urea cycle, fatty acid metabolism, and glycogen metabolism is acetylated posttranslationally. The acetylation status of metabolic enzymes changes with the concentration of metabolic fuels, such as glucose, amino acids, and fatty acids. Acetylation plays a major role in metabolic regulation (Zhao et al., 2010) . Reversible acetylation of metabolic enzymes ensures that cells respond to environmental changes by promptly sensing cellular energy status and flexibly altering reaction rates or directions (Zhao et al., 2010) .
To test how mitochondrial succinylation varies with various meta- /NADH ratio could not be determined during hypoxia, the profound increase in succinylation suggests there was a strong effect. In our previous studies in brain slices and synaptosomes, this percentage of oxygen reduced ATP levels and acetylcholine synthesis by about one-half (Ksiezak & Gibson, 1981 (Schmidt & Dringen, 2009 (Schmidt & Dringen, 2009 ). In cultures of neurons, IAA leads to depletion of glutamate and ATP (Kim et al., 2017) . This lack of specificity does not negate the conclusion that succinylation is very dynamic in response to metabolic perturbation.
The results demonstrate that succinylation is sensitive to metabolic perturbations. These relatively short treatments (20 min) caused dra- Our data do not allow us to distinguish whether the change in metabolic state with perturbation is due to reduced succinylation or to increased desuccinylation. Desuccinylation is regulated by sirtuins (NAD 1 -dependent desuccinylases), especially SIRT5 (Du et al., 2011; Sadhukhan et al., 2016) . In heart, lysine succinylation predominantly accumulates when SIRT5 is deleted. SIRT5-deficient mice exhibit defective fatty acid metabolism, decreased ATP production, and hypertrophic cardiomyopathy. The data suggest that regulating heart metabolism and function is a major physiological role of lysine succinylation and SIRT5 (Du et al., 2011; Sadhukhan et al., 2016) . The fluorescence approach that we use to estimate redox state primarily measures mitochondrial NAD 1 /NADH ratio; it also provides an estimate of NADH levels. Although regulation by NADH has not been tested for succinylation, all tested sirtuin deacylase activities show sensitivity to NADH.
However, the inhibitory concentrations of NADH are far greater than the predicted concentrations of NADH in cells. Therefore, the data indicate that NADH is unlikely to inhibit sirtuins in vivo (Madsen et al., 2016) .
Few studies have been done to relate succinylation and SIRT5 to AD.
However, data with acetylation suggest that it may be important. Acetylation has been related to tau proteins (Iqbal et al., 2016) . The results obtained in our study show that the dynamic nature of succinylation should be considered when trying to determine the role of metabolism in the pathophysiology of the disease processes. Aberrant tau acetylation has a key role in tau accumulation and dysfunction related to neurodegenerative diseases (Min, Sohn, Cho, Swanson, & Gan, 2013) . Thus, the role of protein succinylation in metabolism and pathology merits further study.
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